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INTRODUCTION 


The  heavy  metal  fluoride  glasses  are  receiving  a  great  deal  of  attention  because  of  their 
potential  use  as  fibers  for  infrared  optical  communication  systems  and  as  laser  hosts  for  the 
development  of  visible  and  near-infrared  lasers  [1],  The  transmission  losses  have  resulted  in  the 
identification  of  3 dn  transition  metal  ion  impurities  incorporated  during  the  growth  of  the  heavy 
metal  fluoride  (HMF)  glasses  [2].  In  these  investigations,  the  3 dn  impurity  centers  were  assumed 
to  be  in  an  0/,-type  site  symmetry  and  their  energy  levels  identified  with  the  aid  of  the  Tanabe- 
Sugano  energy  diagrams  [3].  To  date,  numerous  investigations  appear  in  the  literature  dealing 
with  rare-earth  impurity  ions  incorporated  in  HMF  glasses  [4],  The  sensitization  and  energy 
transfer  between  sensitizer  and  acceptor  impurity  centers  for  the  purpose  of  increasing  the 
emission  efficiency  of  the  acceptor  ion  has  become  important  in  both  glasses  and  single-crystal 
laser  hosts  [5], 

In  this  report  we  describe  the  absorption  and  emission  properties  of  Cr3+  and  Cr3+,Nd3+ 
codoped  zirconium-barium-lanthanum-aluminum  (ZBLA)  fluoride  glass.  Fluorescence  decay 
curves  are  obtained  over  a  range  of  temperatures.  From  the  Nd3+:ZBLA  absorption  spectrum  the 
three  phenomenological  intensity  parameters  are  calculated  by  using  the  Judd-Ofelt  (JO) 
intensity  model  of  electric-dipole  transitions  [6],  These  parameters  are  compared  with  data 
obtained  for  Nd3+  in  Y3AI5O12,  Gd3Sc2Al30i2,  and  LHG-8  glass.  The  calculated  oscillator 
strengths  for  Nd:ZBLA  agree  well  with  the  experimental  values  obtained  from  the  absorption 
data. 


EXPERIMENTAL 

Samples  used  in  this  study  were  composed  of  57  ZrF4,  36  BaF2,  3  LaF3,  (4-x)  A1F3,  x  QF3, 
where  x  is  equal  to  0.25  and  0.5;  and  57  ZrF4,  36  BaF2,  (3-x)  LaF3,  (4-y)  A^,  x  NdF3,  y  QT3, 
where  x  is  equal  to  1  and  2,  and  y  is  equal  to  0.25  and  0.5,  respectively.  The  method  for  prepar¬ 
ing  the  glass  is  described  elsewhere  [1].  The  absorption  spectra  were  recorded  with  a 
Varian  2390  spectrophotometer  that  operates  from  200  to  3100  nm.  A  closed-cycle  refrigerator 
system  was  used  to  obtain  low-temperature  absorption,  emission,  and  decay  rate  measurements 
between  8  and  250  K.  The  fluorescence  measurements  were  made  by  using  short-pulse  excita¬ 
tion  from  various  dye  lasers  pumped  with  a  pulsed  YAG  laser.  The  dyes  of  interest  were 
pyridine,  with  emission  at  670  nm,  coumarin  460,  and  rhodamine,  with  their  respective  emis¬ 
sions  at  460  and  580  nm.  The  fluorescent  light  was  focused  into  a  0.5-m  Jarrell-Ash  spectrome¬ 
ter  for  spectral  measurements  or  to  isolate  particular  emission  bands.  Lifetimes  were  measured 
with  an  RCA  7102  SI  photomultiplier  and  a  Tektronix  7912  programmable  digitizer.  Spectral 
measurements  were  made  with  an  EG&G  silicon  reticon  array,  and  the  fluorescence  intensities 
were  corrected  for  instrument  and  detector  response. 

SPECTRAL  CHARACTERISTICS  OF  Cr^rZBLA 

The  room  temperature  and  8  K  absorption  measurements  of  0.5  mole  %  Cr3+  in  ZBLA  are 
shown  in  figure  1.  The  spectrum  of  Cr3+  consists  of  two  broad  bands  centered  at  670  and  443  nm 
and  assigned  to  the  spin-allowed  4A 2  -  4T 2  and  4A2  -  4T]  electronic  states  of  the  octahedrally 
coordinated  chromium  ion  [7].  The  room  temperature  absorption  band  observed  at  291  nm  is 
assigned  to  the  4A2  -  47'i  transition.  At  8  K,  a  very  strong  and  sharp  impurity  band  appears  at 
315  nm.  Its  temperature  behavior  and  bandwidth  is  unlike  any  band  associated  with  3 dn 
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transitions,  either  in  amorphous  or  crystalline  host  materials.  In  some  hosts,  a  charge  transfer 
band  at  370  nm  has  been  observed  and  its  properties  shown  to  be  associated  with  Cr6+  [8].  Our 
samples  did  not  show  any  such  extra  absorption  band.  At  8  K,  the  broad  long-w  avelength 
absorption  band  at  670  nm  shows  three  distinct  subsidiary  peaks.  Their  assignment  has  been  the 
subject  of  some  controversy.  Following  Lempicki  et  al.  [9]  in  their  study  of  Cr3+  in  various 
glasses  and  of  V2+:KMgF3  by  Sturge  et  al.  [10],  we  interpret  the  “dips"  in  the  670  nm  band  as 
due  to  the  interaction  between  the  sharp  ~E  and  2T^  states  with  the  vibrationally  broadened  4 T i 
quasicontinuum  resulting  in  Fano  antiresonances  [11].  The  assignments  are  indicated  in  figure  1 
and  the  results  summarized  in  table  1. 


Figure  1.  Absorption  spectrum  of  Cr3+:ZBLA  at  8  K  (a)  and  300  K  (b). 

The  ligand  field  parameter  for  Cr3+  in  an  octahedral  site  is  determined  directly  from  the  4A2 
-  4T2  transition  as  10  Dq  =  15040  cm'1.  The  Racah  parameter  B,  related  to  the  interelectronic 
repulsion,  can  be  determined  from  the  relation 

152?  =  v3  +  v2  -  3v, 


Table  1 .  Assignments  of  chromium  absorption  bands. 


Transition 

X  (nm) 

Assignment 

4a2  -  4t2 

665 

Vl 

4a2  -  2e 

655 

Spin  Forbidden 

4a2  -  2T\ 

620 

Spin  Forbidden 

4A2  -4T\(F) 

443 

\'2 

4A2-4T\{P) 

291 

V3 

2 


From  the  assignments  listed  in  table  1,  B  is  found  to  be  790  cm'1.  This  gives  a  value  of  1 .90 
for  the  ratio  DqiB.  Figure  2  shows  the  Tanabe-Sugano  lower  energy  level  diagram  for  octahe- 
drally  coordinated  Cr3+.  The  ratio  Dq/B  =  1.90  is  indicated  in  figure  2.  Broadband  infrared 
emission  centered  at  -900  nm  has  been  observed  in  various  glasses  [12].  It  is  attributed  to  the 
Stokes-shifted  472  -  4A?  fluorescence.  Figure  3  shows  the  8  K  fluorescence  using  as  excitation 
the  emission  of  a  pyridine  dye  laser  at  670  nm.  This  allows  us  to  pump  directly  into  the  4A>  -  4T2 
band  of  Cr3+.  Pumping  into  the  higher  4J;  band  with  a  coumarin  460  dye  laser  gave  identical 
results  to  the  emission  spectrum  obtained  by  pumping  into  the  47?  band.  We  measured  the 
fluorescence  decay  of  the  4T?  state  at  900  nm  over  a  range  of  temperatures,  as  shown  in  figure  4. 
The  curves  are  nearly  exponential,  but  there  is  some  inhomogeneity  due  to  the  multitude  of 
different  Cr3+  ion  sites  and  crystalline  field  environments  in  the  glass.  The  strong  quenching  at 
higher  temperature  is  evident.  Above  250  K,  the  fluorescence  intensity  was  too  weak  to  obtain 
an  adequate  measurement.  We  define  an  integrated  or  average  fluorescence  lifetime,  <r> 
according  to 

oc 

<r>  =  j  l(t)dt/I{Q)  (2) 

o 

where  I(t)  is  the  shape  of  the  decay  curve.  We  also  measured  the  incremental  lifetimes,  X\,  at 
which  the  intensity  decreased  to  1/e  of  its  initial  value.  For  exponential  decay,  both  of  these 
measures  are  identical.  Within  experimental  error,  <r>  was  the  same  for  laser  excitation  into 
either  the  4T2  or  47>  state,  indicating  a  very  rapid  nonradiative  transition  from  47>  to  4 72 •  The 
decay  times  <x>  are  plotted  in  figure  5  as  a  function  of  temperature.  We  note  that  t]  is  generally 
less  than  <r>  which  is  due  to  the  inhomogeneous  nature  of  the  decay. 


Dq/B 


Figure  2.  Lower  energy  levels  versus  crystal  field  strength  in 
units  of  the  Racah-parameter  B  for  octahedrally  coordinated  Cr3+. 
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Figure  3.  Fluorescence  spectrum  of  Cr3+:ZBLA  at  8  K  with  pulsed 
excitation  at  670  nm. 


Figure  4.  Fluorescence  decay  curves  of  Cr3+:ZBLA  glass  at  900  nm 
with  excitation  at  670  nm. 


Figure  5.  Fluorescence  decay  time  constraints  <x>  for  the  Cr3+  47"2  state 
as  a  function  of  temperature  for  Cr3+:ZBLA  and  Cr3+:Nd3+:ZBLA.  The 
calculated  transfer  efficiency  is  also  shown. 


SPECTRAL  CHARACTERISTICS  OF  Cr^tNd^rZBLA 

The  absorption  features  of  Nd3+:ZBLA  shown  in  figure  6  are  relatively  broad,  typical  of 
those  in  other  glass  host  materials.  Sharp  crystal  field  split  manifolds  characteristic  of  crystalline 
host  materials  are  generally  absent  in  such  glass  hosts.  The  absorption  spectra  of  the  codoped 
sample  is  a  superposition  of  the  absorption  from  the  Cr3+  and  Nd3+  singly  doped  samples.  From 
the  measured  integrated  absorption  bands,  standard  Judd-Ofelt  theory  [6,13]  was  used  to 
calculate  the  intensity  parameters,  Qt,  and  the  radiative  transition  probabilities.  The  measured 
and  calculated  oscillator  strengths  are  listed  in  table  2.  The  quality  of  the  fit  is  given  by  the  rms 
deviation  between  theory  and  experiment,  which  is  equal  to  0.43  x  10‘6.  Table  3  summarizes  the 
values  obtained  for  Q2,4,6  and  the  calculated  radiative  transition  probabilities  and  branching 
ratios  for  the  4F3/2  transition  to  the  %  states  in  Nd3+:ZBLA  glass.  For  comparison  with  the 
Nd3+:ZBLA  data,  a  similar  analysis  was  carried  out  for  Nd  doped  into  LHG-8  glass  and  the 
crystalline  materials  Y3AI5O12  and  Gd3Sc2Al30i2-  These  results  are  included  in  table  3. 

We  measured  the  pulsed  laser  excited  fluorescence  of  the  codoped  sample,  with  excitation 
into  either  the  Cr3+  or  Nd3+  absorption  bands.  For  the  spectra  shown  in  figure  7,  the  excitation  is 
at  670  nm  in  the  Cr3+  absorption  and  the  partial  excitation  transfer  from  Cr3+  to  Nd3+  is  evident 
from  the  combined  fluorescence  of  both  species.  In  figure  8,  the  excitation  is  at  580  nm,  where 
the  absorption  is  primarily  due  to  Nd3+,  and  the  fluorescence  is  almost  completely  due  to 
emission  from  Nd3+. 
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Figure  6.  Absorption  spectrum  of  Nd3+:ZBLA  glass. 


Table  2.  Oscillator  strengths  of  Nd3+  ions  in  ZBLA. 


Transition 

X  (nm) 

Measured  (10'6) 

Calculated  (HI ~h) 

4^3/2 

868 

0.84 

1.32 

4F5/2,  2H9I2 

797 

3.53 

3.61 

4F 7/2,  2S3/2 

741 

3.48 

3.47 

4F 9/2 

682 

0.26 

0.28 

2Hui2 

635 

0.40 

0.10 

4(^5/2*  2G?/2>  1 3/2 

580 

7.04 

7.08 

4G7/2,  4Gg/2 

519 

3.38 

2.56 

2^15/2>  ?^9/2>  (2A  2F)3/2i  4Gh/2 

All 

0.90 

0.67 

2F\I2 

432 

0.16 

0.35 

4F> 3/2,  4T>5/2,  2/ll/2 

354 

3.98 

3.58 

Table  3.  Nd3+  4F^/2  branching  ratios,  radiative  lifetimes,  and  intensity  parameters 
in  ZBLA,  LHG-8,  Y3AI5O12,  and  Gd3Sc2Al30i2- 


Host 

Branching  Ratio 

"trad 

(^s) 

Intensity  Parameter  (10'2°) 

4 1 9/2 

4/ 1 1/2 

4Al/2 

4l\5!2 

q2 

Q4 

^6 

ZBLA 

0.465 

0.428 

■ 

0.004 

697 

1.024 

2.592 

2.501 

LHG-8 

0.456 

0.447 

■ 

0.001 

316 

4.235 

5.172 

5.406 

YAG 

0.371 

0.504 

0.001 

197 

E 

2.905 

5.845 

GSAG 

0.415 

0.474 

Wm 

0.001 

275 

mm 

2.622 

3.706 
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Figure  7.  Fluorescence  spectrum  of  Cr3+:Nd3+:ZBLA  at  8  K  with  excitation 
in  the  Cr3+  absorption  band  at  670  nm.  Emission  from  Nd3+  at  880  nm 
and  1.04  pm  indicate  energy  transfer  from  Cr3+  to  Nd3+. 


Figure  8.  Fluorescence  spectrum  of  Cr3+:Nd3+:ZBLA  at  8  K  with  excitation 
in  the  Nd3+  absorption  band  at  580  nm.  The  weak  Cr3+  emission  is  due  to  a 
small  Cr3+  absorption  at  580  nm. 


Figure  9  shows  the  pertinent  energy  levels  of  Cr3+  and  Nd3+  ions.  The  spectral  overlap  of  the 
Cr3+  emission  and  the  Nd3+  absorption  is  critical  for  the  energy  transfer  from  Cr3+  to  Nd3+. 
According  to  Dexter,  the  nonradiative  energy  transfer  is  due  to  the  dipole-dipole  interaction 
between  the  atoms.  The  rate  Wtr  for  an  isolated  donor-acceptor  pair  separated  by  a  distance  R,  is 
proportional  to  [14] 


Wn 


1 

*,j*6 


1 


MW  & 

V4 


(3) 


where  tra(j  is  the  effective  radiative  lifetime  of  the  donor  and  Fa(v)  and  ^b(v)  are  the  absorption 
and  fluorescence  line  shapes  of  the  acceptor  and  donor,  respectively.  Nc^ce  that  the  reverse 
energy  transfer  from  Nd3+  to  Cr3+  is  not  expected  to  occur  and  moreover  would  be  an  endother¬ 
mic  process. 


xKPcnr1 


Figure  9.  Energy  levels  of  Nd3+  and  Cr3+  in  ZBLA  glass. 


Representative  fluorescence  decay  curves  from  Cr3+:Nd3+:ZBLA  at  8  and  77  K  are  given  in 
figures  10  and  11.  In  both  figures,  curve  a  shows  the  selective  excitation  of  Nd3+  at  580  nm  and 
the  exponential  decay  of  the  emission  at  880  nm.  There  is  a  small  decrease  in  the  lifetime  with 
increasing  temperature  indicating  some  nonradiative  quenching.  In  curves  b  and  c,  the  excitation 
is  in  the  Cr3+  absorption  band  at  670  nm.  In  curve  b,  the  Nd3+  and  Cr3+  emissions  at  880  nm 
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Figure  10.  Fluorescence  decay  curves  of  Cr3+:Nd3+:ZBLA  glass  at  8  K:  (a)  Excitation  at  580  nm 
and  Nd3+  emission  at  880  nm.  (b)  Excitation  at  670  nm  and  combined  Cr3+  and  Nd3+  emission  at 
880  nm.  (c)  Excitation  at  670  nm  and  Cr3+  emission  at  940  nm. 


Figure  11.  Fluorescence  decay  curves  of  Cr3+:Nd3+:ZBLA  glass  at  77  K:  (a)  Excitation  at 
580  nm  and  Nd3+  emission  at  880  nm.  (b)  Excitation  at  670  nm  and  combined  Cr3+  and  Nd3 
emission  at  880  nm.  (c)  Excitation  at  670  nm  and  Cr3+  emission  at  940  nm. 


overlap.  The  decay  curves  contain  two  components,  a  rapid  initial  decay  due  to  the  Cr3+ 
relaxation  followed  by  a  long  decay  representative  of  the  Nd3+  decay.  Curve  c  shows  the  decay 
of  the  broadband  Cr3+  emission  at  940  nm. 

The  temperature  dependence  of  the  Cr3+  4T2  lifetimes  for  both  the  codoped  and  singly  doped 
samples  are  shown  in  figure  5.  Again  we  note  the  strong  quenching  with  increasing  temperature. 
The  significant  result  from  these  data  is  that  at  all  temperatures  where  measurements  were  made, 
the  presence  of  Nd3+  further  increases  the  quenching  of  the  Cr3+  fluorescence.  We  infer  that  this 
is  due  to  an  excitation  transfer  fron;  Cr3+  to  Nd3+,  consistent  with  the  emission  spectra.  Assum¬ 
ing  that  the  presence  of  Nd3+  does  not  affect  other  nonradiative  decay  mechanisms,  the  transfer 
rate  is  given  approximately  by 


Wtr  -  l/T(Cr,Nd)  VT(Cr)  (4) 

where  the  subscripts  represent  codoped  and  singly  doped  samples  [14].  The  transfer  efficiency 
Y\tr  represents  the  quantum  fraction  of  Cr3+  excitation  that  is  transferred  to  Nd3+,  and  is  given  by 

Vtr  =  W/rT(Cr,Nd)  =  1  “  T(Cr,Nd)/T(Cr)  (5) 

These  expressions  also  assume  first  order  kinetics  or  exponential  decay,  so  that  a  single  time 
constant  is  characteristic  of  the  decay.  We  have  calculated  by  using  the  averaged  lifetime  <x> 
defined  above.  The  lifetime  data  were  fitted  with  simple  polynomial  functions  and  these  were 
used  in  equation  5.  The  result  is  plotted  in  figure  5  also.  At  low  temperatures,  %  is  ~0.4  and 
increases  to  -0.6  at  200  K.  It  is  not  clear  what  happens  at  higher  temperatures,  since  measure¬ 
ments  were  not  made.  These  results  are  somewhat  surprising,  since  the  spectral  overlap  responsi¬ 
ble  for  the  dipole-dipole  interaction  in  equation  3  should  not  change  appreciably  with 
temperature.  The  radiative  decay  rate  is  also  expected  to  be  insensitive  to  temperature.  However, 
the  nonradiative  quenching  clearly  increases  with  temperature  and  should  decrease  r ^  as  well  as 
the  fluorescence  efficiency.  More  careful  measurements  at  higher  temperatures  and  the  direct 
monitoring  of  the  Nd3+  emission  after  Cr3+  excitation  would  help  clarify  this  issue. 

CONCLUSIONS 


In  this  report,  we  have  described  the  spectroscopic  features  of  Cr3+  and  of  codoped  Cr3+  and 
Nd3+  in  ZBLA  glasses.  For  Cr3+  in  an  octahedral  site  symmetry,  the  lower  energy  levels  were 
assigned  with  the  help  of  the  Tanabe-Sugano  diagrams.  The  complex  structure  in  the  absorption 
spectrum  at  670  nm  is  due  to  the  near  coincidence  of  the  2T\  and  2E  states  superimposed  on  the 
broad  472  state  of  Cr3+.  Excitation  of  the  472  state  leads  to  a  broad,  Stokes-shifted  fluorescence 
band  from  750  nm  to  1100  nm,  similar  to  the  emission  of  Cr3+  in  the  phosphate  glasses  [7],  This 
emission  overlaps  the  Nd3+  absorption  bands  in  this  material  and  leads  to  nonradiative  energy 
transfer  from  Cr3+  to  Nd3+.  We  have  measured  quantum  transfer  efficiencies  in  the  range  of  0.4 
to  0.6  from  low  temperatures  up  to  200K.  These  results  are  similar  to  values  obtained  by 
Reisfeld,  et  al.,  in  their  study  of  the  transfer  from  Mn2+  to  Nd3+  in  fluoride  glasses  with  com¬ 
position  35  PbF2,  24MnF2,  35GaF3,  AIF3,  (4— x)LaF3,  xNdF3,  and  x  =  0.2  and  2.0  [4].  The 
fluorescence  was  found  to  be  strongly  quenched  with  increasing  temperature.  It  is  not  clear  if  the 
excitation  transfer  efficiency  decreases  at  higher  temperatures,  although  this  is  expected. 
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Figure  1 .  (a)  Absorption  spectrum  ot  Cr(lll)  in  ZBLA  glass  at  8'K. 
(b)  Room  temperature  absorption  spectrum  of  Cr(lll)  in  ZBLA  glass. 
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Figure  4.  Luminescent  decay  curves  of  Cr  (III)  in  ZBLA  glass,  excitation 
at  670  nm,  emission  at  900  nm. 
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Figure  6.  Absorption  spectrum  of  Nd  (III)  in  ZBLA  glass. 


Pyridine  Laser 
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Figure  7.  Laser  excited  fluorescence  of  Nd(lll):  Cr(lll)  in  ZBLA  at  8°K 
Excitation  at  670  nm,  emission  at  880  nm  and  1 .04  urn  correspond 

to  the  ^3/2  >  4lg/2.  4,i1/2  Transitions  of  Nd(lll).  The  broadband 
emission  at  940  nm  is  due  to  4T?(F)  >  4Ap(F)  transition  of  Cr(lll). 
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Figure  1 1 .  Luminescent  decay  curves  of  Nd  (lll)Cr(lll):  ZBLA  glass  at  77‘K. 

(a)  Excitation  at  580  nm;  emissionat  880  nm,  lifetime  tin  =438  ms. 

(b)  Excitation  at  670  nm,  emission  at  880  nm,  lifetime  tjn=359  ms. 

(c)  Excitation  at  640  nm,  emission  at  940  nm,  lifetime  tjn=69  ms. 
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